Although the direct or indirect nature of the bandgap transition is an essential parameter of semiconductors for optoelectronic applications, the understanding why some of the X-, and L-valley of the conduction band, and are responsible for the anomalous bandgap behaviors in GaN, GaP, and GaAs that have direct, indirect, and direct bandgaps, respectively, despite the fact that N, P, and As are in ascending order of the atomic number. This understanding will shed light on the design of new direct bandgap light-emitting materials.
Whether a semiconductor has a direct or indirect bandgap is of fundamental importance to its optoelectronic applications [2, 3] . If the conduction band minimum (CBM) occurs at the same point in k-space as the valence band maximum (VBM), which is usually at the center (Γ-point) of the Brillouin zone for conventional semiconductors, then the energy gap is referred as direct bandgap, otherwise as indirect bandgap [3] . If a semiconductor has a direct bandgap and the electric dipole transition from VBM to CBM is allowed, the electron-hole pairs will recombine radiatively with a high probability. As a result, high-quality direct bandgap semiconductors, such as GaAs and InP, are used to make high efficient light emitters.
They are essential materials for lasers, light emitting diodes (LEDs) and other photonic devices [4, 5] . Whereas, in indirect bandgap semiconductors, such as Si and Ge, optical transitions across an indirect bandgap are not allowed, and, thus, these materials are not efficient light emitters. Despite the paramount importance of the direct or indirect nature of the bandgap transition for conventional semiconductors, which have been extensively studied in past seven decades, the understanding of the formation of their direct or indirect bandgaps remains ambiguous.
In spite of the extensive utilizing of semi-empirical and first-principles methods to correctly reproduce the experimentally measured band structures for semiconductors, the simple nearest-neighbor tight-binding (TB) theory is more straightforward to gain insight into the formation of the band structures because of its intuitive simplicity [6] . However, this simple TB model fails to reproduce some important band structure features, such as bandgap nature for indirect semiconductors [3, 7] . Although the introduction of additional unphysical parameters can cure the flaw of the simple sp 3 TB model [8] [9] [10] [11] , it loses the advantage of its intuitive simplicity and thus is unlikely to uncover the origin of the direct and indirect bandgap natures of semiconductors. The poor understanding impedes the design of new direct bandgap light-emitting materials. Specifically, Si is ubiquitous in the electronics industry but is unsuitable for optoelectronic applications because it has an indirect bandgap. In the past five decades, numerous ideas have been offered but failed to transform Si into an efficient light emitter [12, 13] utilizing various modalities of symmetry reduction, including the use of porous silicon [14, 15] , invoking alloy-induced luminescence [16, 17] , the method of low-symmetry allotropes of silicon [18] [19] [20] , and diamond-like (III−V)−(IV) alloys [21, 22] .
Lack of fundamental understanding of the mechanism controlling the indirect bandgap nature of Si might be the main reason for the difficulty of developing Si-based direct bandgap materials.
Here, we reveal that the occupied cation d bands, which were neglected in previous models of the TB approach [6] [7] [8] [9] [10] [11] We at first examine the nature of bandgaps of all conventional group-IV elemental, and group III-V and group II-VI compound semiconductors, which are the semiconductors of practical interest for information technology [3, 5, 23] . Fig. 1 shows that all group II-VI compound semiconductors and the majority of group III-V compound semiconductors, except
Al-containing compounds and GaP, have a direct bandgap, whereas all group-IV elemental materials, except grey-Sn, are indirect bandgap [23, 24] . We note that the cations of all group-II elements (Zn, Cd, and Hg), group-III elements Ga and In, and group-IV elements Ge as core or semi-core shells and are usually neglected in the description of the band structures for conventional semiconductors in early studies [6] [7] [8] [9] [10] [11] . To uncover the role of the cationic d orbitals in the formation of bands, we carried out the theoretical analysis of the band structures of diamond elements and zinc-blende (ZB) compounds relying on the perturbation theory along with the symmetry analysis. For simplicity, here we study only the band structures of compounds in the zinc-blende structure, GaN and ZnO, they prefer to be in the hexagonal wurtzite (WZ) structure under ambient conditions. The relationship between the bandgaps of ZB and WZ structures are well studied [25] . For example, if the band gap is direct in ZB structure such as for GaN and ZnO, it is also direct in WZ structure; if the band gap is indirect in ZB structure such as for AlN, it could still be direct in WZ structure due to the average of the X and L point wavefunctions.
The relative energy positions between the Γ-valley, X-valley, and L-valley in the lowest conduction band determine the direct or indirect nature of bandgap in ZB semiconductors since the VBM occurs exclusively at the Γ point in all group II-VI, group III-V, and group IV semiconductors. As given in Table I [24] . The bond length of GaP is ~3.6%
smaller than that of GaAs. Fig. 4 shows that, in both GaP and GaAs, increasing the lattice constant (or expanding the volume) will raise the energy level of the X-valley and lower the Γ-valley energy substantially. The L-valley follows the Γ-valley but at a much smaller rate and, thus, often sits in between Γ-and X-valley in conventional semiconductors. This phenomenon is owing to that the X-valley has a positive deformation potential and Γ-valley has a more significant magnitude of deformation potential than that of the L-valley although both possess negative deformation potentials. If we stretch the lattice of GaP to equal to that of GaAs, the GaP bandgap would become direct. On the other hand, GaAs undergoes a direct-to-indirect bandgap transition as we compress the lattice of GaAs towards that of GaP.
These demonstrate that besides s-d and s-p couplings, the bond length also play role in determining the nature of bandgap. Semiconductors having larger lattice prefer to become more direct in the bandgap.
Following the above discussion, we would expect the bandgap of GaN to be indirect since the bond length of GaN is much smaller than GaP and GaAs. However, GaN is a classical direct gap semiconductor. Fig. 4 shows that the deformation potentials of GaN are substantially different from that of GaP and GaAs; the energy level of the X-valley is insensitive to the varying of the lattice constant with an inconsiderable negative deformation potential and the Γ-valley drops at the same rate as that of the L-valley as increasing the lattice constant. AlN and InN share this exotic behavior as GaN [34] . This unusual behavior of the group-III nitrides is due to that Nitrogen is among the most electronegative elements and much more electronegative than P and As elements. Fig. S1 shows that the energy level of the N 2s is 5.94 and 5.71 eV lower than that of the P 3s and As 4s, respectively. The low-lying N 2s orbital is far away from the Ga 3s orbital leading to a weak s-s coupling in GaN according to the TB model [6] (see supplementary for details), although it has a much smaller bond length than that of GaP and GaAs. Weak s-s coupling results in the energy level of the Γ-valley, which is the anti-bonding state of cation s and anion s orbitals, being slightly above the Ga 3s level and is even lower than that of GaP and GaAs. Although the low-lying of the N 2s orbital also reduces the s-p coupling and thus lowers the energy level of the X-valley, the reduction in energy is much less than the Γ-valley due to the X-valley has the lower bound limited by the atomic Ga 3p level [6] . Consequently, GaN becomes a direct bandgap semiconductor (see Fig. 1(b) ). Thus, more electronegativity in anions will also make the bandgap of semiconductors more direct, which is most significant in semiconductors 
